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The effect on triple-quadrupole performance of applying an axial field, in an rf-only
quadrupole collision cell operated at pressures sufficiently high that collisional focusing is
operating, has been investigated. The advantages of such cells have been shown previously to
include increased transmission and much improved resolution in fragment ion spectra relative
to the performance of collision cells operating at lower gas pressures. The disadvantages of
high-pressure collision cells all derive from the relatively long transit times for the ions, which
can be long relative to characteristic times for scanning the first mass filter (precursor ion
selector) or for switching its setting in multiple reaction monitoring (MRM) cycles. The present
work describes experiments on a high-pressure cell in which an axial field is created through
use of conical rather than cylindrical or hyperbolic rods. In addition, results of computations
of the electric fields within such a cell, and of ion trajectories through it, are presented. It is
shown that application of axial fields of the order of 0.1 V/cm can remove all hysteresis effects
associated with the long ion transit times, and thus provide excellent performance in
quantitation work using MRM, as well as in other scan modes. Furthermore, the advantages
of collisional focusing in quadrupole collision cells are shown to be unimpaired by these low
axial fields. (J Am Soc Mass Spectrom 1998, 9, 775–788) Crown copyright 1998
Since its introduction to analytical chemistry byEnke and Yost in 1979 [1, 2], the triple-quadrupoledesign has been the workhorse of tandem mass
spectrometry (MS/MS) particularly for quantitative
analyses in conjunction with liquid chromatography.
Such an instrument can be denoted as Q1q2Q3, and
consists of two resolving quadrupole mass filters Q1
and Q3, separated by an rf-only quadrupole q2 (some-
times a hexapole or other higher multipole device is
used) that serves as a collision cell when filled with gas
at a suitable pressure. Generally, the pressure of colli-
sion gas within q2 is less than 5 mtorr, and most often
no higher than 1–2 mtorr. Within this pressure regime,
for q2 cells of typical length (10–15 cm), as expected a
pressure increase progressively attenuates the intensity
of the beam of mass-selected reactant ions. Measurable
parameters characterizing the efficiency of such cells in
fragmenting the reactant ions, and in transmitting the
product ions plus surviving reactants, have been de-
fined and discussed [2].
Despite the success of this instrument design, draw-
backs remain. One of the more important is the resolu-
tion/transmission curve of the product ion analyzer Q3,
which is invariably much worse in MS/MS mode than
in mass spectrometry mode (both Q1 and q2 nonresolv-
ing). This degraded performance has been demon-
strated [3] to be because of the wide range of axial
translational energies possessed by fragment ions
emerging from q2 and presented to Q3. This energy
range reflects the multiple collisions experienced by
both reactant and product ions within q2, but the mean
energy values are also mass dependent as a result of
partitioning of the center-of-mass collision energy be-
tween the two product fragments [4]. These ill-defined
translational energies imply that it is difficult to ensure
that the product ions enter Q3 with a speed which is
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both large enough that the fringe fields do not signifi-
cantly affect the trajectories, and sufficiently low that
the ions experience enough rf cycles for the full resolv-
ing power of Q3 to be realized [5]. This problem, which
in practice amounts to matching the float potential of
Q3/ to the axial energy via the mass of the product ion,
is exacerbated at the higher collision energies accessible
in sector-quadrupole hybrid instruments [5].
The initial impetus for the present work was pro-
vided by Douglas and French [6], who investigated the
effect of gas pressures in the range 5 3 1024 to 2 3 1022
torr, within an rf-only quadrupole, on the transmission
of ions. Provided that the initial translational energy of
the ions was less than about 30 eV, it was found [6] that
a pressure increase could actually increase the transmis-
sion with a maximum at about 8 3 1023 torr. This
unexpected effect was attributed to collisional focusing
of the ions, under the influence of the rf field, to
trajectories near the central quadrupole axis, in a man-
ner analogous to the collisional damping of ion trajec-
tories through momentum-exchange collisions with he-
lium buffer gas in three-dimensional ion traps [7–9]. In
accordance with this interpretation, the collisional fo-
cusing effect at a given pressure of nitrogen was found
[6] to increase with the mass (not the mass-to-charge
ratio) of the ion, and to result in ion axial energies at the
quadrupole exit that were extremely low and had a
very small energy width. Further increase of pressure to
7 3 1022 torr greatly reduced the transmission.
The initial application [6] of the collisional focusing
effect in linear quadrupoles was to improve the trans-
mission of ions from an atmospheric pressure ioniza-
tion (API) source into Q1. However, the same principle
was later exploited [10] in a new design of q2 collision
cell that resulted in simultaneous improvements in
transmission, as previously [6], and also in attainable
resolving power of Q3 for the product ions. The increase
of transmission efficiency for precursor ions, over that
obtained with no collision gas in q2, can be qualitatively
understood in terms of a simple phase-space picture
[11]. The simultaneous increase in resolving power of
Q3 is a direct result of the well-defined (and very
narrow) spread in translational energies of the ions
emerging from q2. In fact, q2 now acts as an excellent
approximation to a point source of monoenergetic ions
with almost no angular spread for Q3, which could
therefore be operated at a fixed float potential because
now the axial energies of the ions are not mass depen-
dent [10].
The performance of these high-pressure collision
cells was evaluated [12] for product ion spectra (Q3
scans) of a range of reactant ions with argon as collision
gas. Efficiencies of 30%–50%, measured as the fractions
of original singly charged reactant ions emerging from
Q1 which were detected as mass-resolved product ions,
were compared with values of 5%–10% measured in the
same way for a conventional q2 cell. In addition, mass
resolution in product ion spectra obtained by Q3 scans
was improved to the point that the isotopic ion clusters
for quadruply charged fragment ions were clearly re-
solved [12]. The dependence of the collisional focusing
effect in ion traps [7–9] on the ratio of molecular masses
for the product ion and collision gas was confirmed [13,
14] for the linear quadrupole. Argon was shown [14] to
be a best compromise collision gas, considering both
collisional focusing efficiency (low mass required) and
effectiveness as a collision partner in collision induced
dissociation (higher mass increases the center-of-mass
collision energy). The improved resolution was demon-
strated [14] to be effective at scan rates suitable for
MS/MS experiments on compounds eluting from a
liquid chromatograph. Also, the spatial focusing effects
of rf quadrupoles, which complicate instrument tuning
for q2 cells at lower pressures [5], are completely
smeared out at pressures sufficiently high for effective
collisional focusing.
However, these considerable advantages of the high
pressure cells are offset by effects arising from the long
transit times of ions, up to tens of milliseconds depend-
ing on experimental conditions. The correspondingly
long fill-times and empty-times for ions in q2 present a
severe limitation [14] for MS/MS experiments in which
Q1 is scanned (e.g., scans for precursors of product ions
mass selected by Q3), or where Q1 is switched rapidly to
transmit successive mass-to-charge ratio values [as in
multiple reaction monitoring (MRM)]. The effect of
such long ion transit times shows up as mass peaks in
precursor ion spectra with long tails on the high-mass
side (for up-scans), and as severe crosstalk between
MRM channels in which only Q1 is switched [14]. These
phenomena can be regarded as hysteresis effects in
which the mass-to-charge ratio values of the ions
emerging from q2 lag behind those expected on the
basis of altering Q1. For constant neutral loss scans, in
which Q1 and Q3 are scanned synchronously at a fixed
mass-to-charge ratio difference, the hysteresis effect
results only in reduced intensity [14]. The long transit
(and thus reaction) times were believed to account for
the observation [11] of charge-remote fragmentation
reactions at collision energies considerably lower than
required when using conventional q2 cells.
To alleviate these effects associated with long transit
times, quadrupole cells with axial dc fields have been
investigated [15, 16]. Several designs were investigated
[15], and axial fields less than 1 V/cm were shown to
dramatically reduce the long tails in the arrival time
distributions of ions emerging from q2. A segmented
cell providing an axial field has been used [16] to
measure collision cross sections for ions ranging in
mass from 130 to 17 kDa, using nitrogen at a pressure of
8 3 1023 torr, i.e., about the optimum pressure for
collisional focusing.
The objective of the present work was to evaluate the
performance of a high-pressure q2 cell with a control-
lable axial field, for more routine analytical purposes.
The cell design used was not of the segmented type, and
is described in the Experimental section.
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Experimental
The experiments described here were performed using
an API III1 riple-quadrupole instrument (PE-SCIEX,
Concord, Ontario, Canada) equipped with an IonSpray
(pneumatically assisted electrospray) ionization source
and a rf-only quadrupole collision cell capable of oper-
ation at pressures over 2 3 1022 torr. However, the
design of this cell was unusual in that each of the four
rods is a truncated cone (i.e., a tapered cylinder) with a
dia. One pair of opposite rods, electrically connected,
was set with the wider ends at the cell entrance,
whereas the other pair was arranged with their wide
ends at the cell exit. These conical rods were held in a
plastic collar designed for cylindrical rods, so that the
cone axes were at an angle to the quadrupole axis. The
end faces of each cone were machined to be perpendic-
ular to the principal quadrupole axis when mounted in
the collar, i.e., were at an angle to their own cone axes.
Thus the potential at each end of the cell was dominated
by the potential applied to the pair of rods whose wide
end was located there, with a smooth gradient between
them. Two independent dc supplies are required to
control q2 for this arrangement. Here R2 denotes the dc
potential applied to the pair of rods whose wide ends
are at the cell entrance, and DR2 is the difference
between R2 and the dc potential applied to the other rod
pair. The values of DR2 used were generally less than 5
V, very small relative to the rf amplitude (0.855 V
zero-to-peak per mass-to-charge ratio unit, scaling lin-
early with mass-to-charge ratio), so that mass discrim-
ination by q2 when operated with no collision gas was
minimized. This conical rod device was the first proto-
type of the Sciex Linac (PE-SCIEX), a collision cell
design that implements the same principles in a slightly
different geometry.
Other than the rod arrangement and separate control
of the values of R2 and DR2, operation of the instrument
was the same as described previously [12–14] for the
high-pressure cell with cylindrical rods. The laboratory
frame collision energy per charge, at the cell entrance,
was defined by the difference (R2 2 R0) where R0 is the
float potential of the rf-only quadrupole used [6] to
transmit ions from the API source to Q1. The potentials
on the entrance and exit lenses of q2 were individually
controllable. The collision gas thickness (CGT) values
for argon were measured as described previously [11].
All chemicals were obtained from Sigma-Aldrich (Mis-
sissauga, Ontario, Canada) and used as received. Ace-
tonitrile was HPLC grade (Caledon Labs., Georgetown,
ON, Canada), and deionized water was prepared using
a Milli-Q purification system (Millipore, Bedford, MA).
Results and Discussion
Modeling the Potential Field
The nature of the electric potential field, generated by
dc only voltages applied to the conical rods and termi-
nating lenses, was investigated using the Simion 6.0 ion
optics modeling package [17].
The outer surfaces of all four conical rods (152 mm
long) are held flush against a cylindrical plastic collar
(45.05 mm i.d.), designed to accommodate cylindrical
rods of diameter 15.62 mm (Figure 1a). The conical rods
located in the horizontal plane taper down from the exit
Figure 1. (a) Three-dimensional representation of the conical-rod
assembly, showing the rods in the horizontal plane tapering down
from exit to entrance and the rods in the vertical plane tapering in
the opposite direction. The entrance and exit lenses have been
removed from the figure, for clarity. (b) Longitudinal cross section
through the conical-rod quadrupole. A 12 V dc potential has been
applied to the rods in the vertical plane, above and below the
plane indicated, producing the axial potential gradient shown.
The entrance and exit lenses were held at ground potential for
purposes of this figure. (c) Longitudinal cross sections through the
conical-rod quadrupole, with typical operating voltages of 15 and
210 V applied to the entrance and exit lenses, respectively. A dc
potential of 3 V was applied to the rods in the vertical plane, above
and below the plane indicated, producing the axial potential
gradients shown. The horizontal rods which can be seen in the
figure are at zero volts, i.e., DR2 5 13 V.
777J Am Soc Mass Spectrom 1998, 9, 775–788 HIGH-PRESSURE RF-ONLY COLLISION CELL
(where the effective rod diameter is 15.62 mm) to the
entrance (effective rod diameter 12 mm), whereas the
rods located in the vertical plane, whose dc potential is
designated as R2, taper down in the opposite direction
from entrance to exit (Figure 1a). The entrance and exit
of the quadrupole can thus be described in terms of an
inscribed ellipse (rather than the conventional inscribed
circle) with axes 21.05 and 13.81 mm, with the major
axis in the horizontal plane at the entrance but in the
vertical plane at the exit. The apertures in the entrance
and exit lenses (situated 1 mm from either end of the
quadrupole) were 6.86 mm in diameter.
Figure 1b demonstrates, for the case of the conical-
rod quadrupole, the effect of applying a 12 V dc
potential to both vertical-plane rods, with the horizon-
tal-plane rods and the entrance and exit lenses at
ground. Fringe field effects manifest themselves as
potential gradients at the entrance and exit lenses, and
can be seen to penetrate into the cell for a significant
portion of its length at either end. However, once past
the initial potential gradient at the entrance aperture,
ions travel down a continuous potential slope towards
the exit lens. Thus, even ions that have been effectively
thermalized as a result of collisional cooling will expe-
rience a continuous acceleration along the optical axis.
However, when a similar dc potential (R2) was applied
to the vertical-plane cylindrical rods of a simulated
conventional quadrupole with the horizontal-plane
rods at ground potential (DR2 5 R2), for the majority of
the length of the rods there was no potential gradient
and thus no net ion acceleration (not shown).
Typically the quadrupole is operated with entrance
and exit lens potentials of R215 V and R2210 V,
respectively (for positive ions), with the horizontal-
plane rods at R22x V corresponding to DR2 5 1x V.
The potential field experienced by the ion under such
conditions, with x 5 3, is indicated in Figure 1c and
results in a continuous acceleration towards the exit
lens as a consequence of an axial field of 0.15 V/cm
along the majority of the cell length. For DR2 5 12 V
the calculated axial gradient is 0.08 V/cm. As shown
below these low potential gradients can exert a remark-
able effect on the operation of the high-pressure cell.
Ion Trajectories
A more complete theoretical treatment of this cell will
be presented separately. Here we considered first the
effect of the nonzero values of DR2, when combined
with the applied rf, on the low mass-to-charge ratio
cutoff of the cell when operated without collision gas.
This aspect could be of practical importance when
operating the instrument in conventional mass spec-
trometry mode using Q3 as the mass filter, i.e., with
both Q1 and q2 in rf-only mode, as part of a multimode
monitoring experiment. The low-mass cutoff of the
present cell with conical rods was compared with that
for a similar cell with cylindrical rods of 15.62 mm
diameter. Trajectories were run for both cells, for ions of
varying mass-to-charge ratio but with fixed axial en-
ergy of 30 eV. The instrument used here is arranged so
that the rf for q2 is tapped off from the Q3 supply (0.768
MHz) such that the rf amplitude in q2 is Vrf (02p) 5
0.855 V per mass-to-charge ratio unit. This operating
mode corresponds to a fixed value of 0.3 for the
Mathieu parameter qM for ions within the cylindrical
rod q2 cell which will be transmitted by Q3:
qM 5 4eVrf/@~m/z!~2pf !
2~r0!
2#; aM 5 qM~2U/Vrf)
where Vrf is the rf amplitude (02p), f the rf frequency,
and r0 5 6.9 mm is the inscribed radius [9]. These
conditions were reflected in the computer simulations
described here, and correspond to probing the stabili-
ty/instability boundary on the aM/qM diagram by in-
terrogating points along a line at qM 5 0.3 by varying aM
via mass-to-charge ratio. For values of DR2 (equivalent
to the dc potential usually denoted U [9] for quadrupole
mass filters) of 12 and 110 V, the simulations predicted
low-mass cutoffs of m/z 18 and m/z 95, respectively,
for the conventional cylindrical rods, in reasonable
agreement with simple predictions based on the stabil-
ity diagram [9] together with the dependence of aM on
mass-to-charge ratio and on U. The corresponding
cutoffs for the tapered rods were m/z 23 and 125. Of
course the concept of Mathieu parameters does not
apply to the fields in the tapered-rod cell (strictly
applies only to infinite hyperbolic rods), but some
qualitative discussion in these terms is possible. At all
points along the axis the conical rod separations are $
2r0 (r0 5 6.9 mm, the inscribed radius of the cylindrical
rod set), and one can therefore consider an effective
value of qM , 0.3, the prearranged value for the
cylindrical rods for the same instrumental relationship
between mass-to-charge ratio and Vrf. As a consequence
of the marked concave-downwards shape of the stabil-
ity curve in this range of qM, the low mass-to-charge
ratio cutoff values are predicted to increase for the
larger value of r0, as was indeed found in the simula-
tions for the conical rods.
For moderate values of DR2 (# 3 V), shown below to
be adequate for the purposes for which the cell was
designed, the low mass cutoff with no gas in the cell is
thus unlikely to create problems in practice unless very
low mass-to-charge ratio values are of interest.
The effects of collisional focusing have been simu-
lated using viscous drag models. Instead of using the
model embodied in the SIMION algorithm [18], the
drag coefficient approach of Douglas et al. [19] was
used. The events leading to collision induced dissocia-
tion (CID) are not well described by any such models,
and mostly occur near the cell entrance. Future work
will deal with this problem and with others associated
with near-thermal velocities near the cell exit. Figure 2
illustrates the effects of collisional focusing predicted by
this model, for the conical-rod cell with DR2 5 2 V.
With no collision gas the spatial focusing properties [19]
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associated with the secular frequency of ions in cylin-
drical rod rf-only quadrupole cells are still evident
(Figure 2a), but these are damped out under collisional
focusing conditions (Figure 2b) as are the high-fre-
quency low-amplitude oscillations corresponding to
direct response to the rf field. The wavelength associ-
ated with the secular motion progressively decreased
(Figure 2b) as a result of the axial deceleration (the
secular frequency was unaffected). Low-mass cutoffs
were also investigated for the cylindrical rod cell under
collisional focusing conditions. Surprisingly, this be-
havior was not very different from that described above
for the same cell in the absence of collision gas. In this
regard, Dodonov and his collaborators [20–22], who
use a much shorter (25 mm) cell operated at appreciably
higher pressure (80 mtorr–3 torr), have also found
stability limits in the collisional focusing regime by
varying Vrf, and have exploited this behavior both to
effect CID and to estimate collision cross sections. The
latter application has also been described by Standing et
al. [23].
Influence of the Axial Field on the Hysteresis
Effects
The hysteresis observed in precursor ion scanning, or in
MRM experiments when the precursor mass is
changed, is the result of long transit times of ions
through the high pressure of collision gas in q2. Indeed,
at the CGT values at which collisional focusing is
effective and for initial collision energies up to about 30
V/charge, the evidence suggests that in the absence of
axial fields most ions are completely stopped by the gas
collisions and emerge from the cell only as a result of
diffusion, with some effect of Coulombic repulsion
from the newly arrived ions at the rear. Therefore, it is
not too surprising that even quite low axial fields,
evaluated above, should have fairly dramatic conse-
quences for the hysteresis effects as described below.
Figure 3 shows examples of results from a series of
experiments in which MRM sequences were used to
monitor a constant infusion of a solution of cesium
nitrate plus reserpine (m/z of the [M1H]1 ion is 609)
with R2 fixed at 210 V (40 V below R0) but increment-
ing DR2 by 0.14 V between MRM cycles. The reaction
(m/z 609 3 m/z 195) was efficient under these
conditions, and was used as the test case. The other
MRM channels monitored in the cycle all involved
switching Q1 to transmit either nonexistent precursor
ions (arbitrarily chosen to be m/z 600, 590, 580, and
570), or the nonfragmenting cesium ion at m/z 133,
whereas Q3 remained set at m/z 195. Thus, any signals
observed in these “dummy” channels were due to m/z
195 ions that had not yet exited the cell when the new
channel was selected by Q1, and provide information
about emptying times from the cell. This behavior was
investigated for a large number of combinations of
dwell and interchannel pause times, and the results
shown in Figure 3 are only representative of this large
set of data.
In all such experiments the signal intensity in the
(m/z 609 3 m/z 195) channel (the real fragmentation
reaction) reached a plateau at a sufficiently positive
value of DR2, which varied with the pause time be-
tween MRM channels but never exceeded 2 V. This
plateau corresponded to the steady-state “full” condi-
tion for q2 under the particular conditions of MRM cycle
times. At higher values of DR2 the signal in the (m/z
609 3 m/z 195) channel fell off by up to 50% from the
plateau value. The reasons for this fall-off are not well
understood at present, and computer simulations are
underway to further investigate this aspect.
At any given value of DR2 the signal observed in any
one of the “dummy” channels (at some known time
following introduction of the initial 10 ms burst of m/z
609 ions) provides an indication of the number of
remaining m/z 195 ions that exit the cell during that
particular 10-ms window. (The CID events occur pre-
dominantly near the cell entrance, where collision en-
ergies are still high.) For example, from Figure 3a at a
DR2 value of 21 V (retarding field), the signal intensity
in the (m/z 609 3 m/z 195) channel was about 95,000
counts/s, whereas those in the (m/z 600 3 m/z 195)
and (m/z 590 3 m/z 195) channels (60 and 120 ms
later) were 60,000 and 38,000 counts/s, respectively. It is
remarkable that the ions succeeded in exiting the cell at
all under the influence of a moderate retarding field,
though the transmission did drop to zero at DR2 5 2.3
V. The dummy channel (m/z 133 3 m/z 195) was
introduced into the MRM sequence (Figure 3a) to
stimulate the effect of a real MRM experiment in which
the cell almost always contains some ions albeit of
different mass-to-charge ratio values. For DR2 5 21 V
in Figure 3a, the signal due to m/z 195 ions on selecting
m/z 133 precursors increases again to ;90,000
counts/s even though this MRM window is monitored
a further 60 ms after the (m/z 590 3 m/z 195) channel
(38,000 counts/s, see above). This observation illus-
Figure 2. Ion trajectories, for different points of entry, computed
for ions of m/z 600 through the conical-rod cell with DR2 5 12
V. The entering axial energy was 30 eV. In (a) no collision gas was
present, and in (b) 8 mtorr of argon was present.
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trates the effect, on the ions’ transit through the cell, of
Coulombic repulsions from the subsequent set of
“chase” precursor ions introduced from Q1 in a real
MRM application, if a sufficiently positive value of DR2
is not employed.
The encouraging result evident in Figure 3a, how-
ever, is that even modest positive values of DR2 (accel-
erating field) reduce the signal intensities in all dummy
channels to zero, i.e., clear all ions out of the cell during
the pause time, thus removing all hysteresis problems
including effects of “chase” ions (Figure 3a). Naturally
the shorter the pause time, the larger the accelerating
field required to clear out the cell, as illustrated by a
comparison of Figure 3a,b where values of DR2 of 0.5
Figure 3. (Figure continued on next page)
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Figure 3 (continued from previous page). Variation of signal intensities in 6 MRM channels for a
constant infusion of a solution of cesium nitrate (0.001 mol/L) plus reserpine (3 mg/mL) for which the
reaction channel (m/z 609 3 m/z 195) was monitored, as a function of DR2. The MRM channels
were monitored in the order shown (top to bottom), and the value of DR2 was incremented by 0.14 V
between MRM cycles. The numbers in the top right of each trace give the counts per second
corresponding to 100% relative intensity for that trace. The dwell times per channel were 10 ms in all
cases. The entering collision energy was 40 V/charge, and the CGT value was 3.7 3 1015 atoms cm22.
Pause times between channels: (a) 50 ms; (b) 10 ms.
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and 3 V are required to effectively empty the cell during
pause times of 10 and 1.0 ms, respectively. This effect
was illustrated even more clearly when pause times of
10 and 0.05 ms were used (data not shown). The latter
condition is quite extreme (corresponds to the mini-
mum settling time for the quadrupole power supplies)
and was investigated simply to test the limits of the
effect of DR2 in clearing the cell. Similar experiments
using analyte concentrations ten times larger than those
used to obtain Figure 3 gave similar results (not shown),
but in general slightly higher values of DR2 were
required to achieve the same result.
The data shown in Figure 3 exhibit a degree of
regular structure (not random noise) at negative values
of DR2. This effect was apparent in all experiments of
this kind, but at present we have no proper explanation
for it.
Figure 4 illustrates how axial fields eliminate the
deleterious effects [14] of long ion transit times through
high-pressure q2 cells on precursor ion spectra, ob-
tained by scanning Q1 with Q3 fixed. These spectra were
obtained using flow injection of sample to simulate
chromatographic peaks, with appropriate scan speed
and step size. As expected, the higher the value of the
CGT used, the higher the value of DR2 required to
eliminate the high-mass tails (for up-scan operation) on
the precursor ion peaks. The values of DR2 and of CGT
also interact to provide notable differences in the abso-
lute and relative intensities of these spectra. This is a
result of increased efficiency of both CID and of the
collisional focusing effect (note that the lower value of
CGT used to obtain Figure 4 is near the lower end of the
useful range for collisional focusing in the present
system [14]).
Cells such as that described here are clearly amena-
ble to use to measure ion mobilities, and in fact Java-
hery and Thomson [16] used a similar (not identical)
cell to measure the reduced mobility of protonated
reserpine in nitrogen of 0.73 cm2 V21 s21. For an axial
field of 0.8 V cm21 and a pressure of 8 mtorr, this
corresponds to a drift time over 15 cm of 2.7 ms.
Although it is difficult to relate these results [16] quan-
titatively to the experiments summarized in Figures 3
and 4, the transit times predicted from the earlier work
are of the correct order of magnitude to account for the
present observations.
Effect of the Axial Field on Fragment Ion Scanning
(Q3 Scans)
An increase in the value of DR2 can affect both the
overall and relative intensities of fragment ion spectra
obtained by Q3 scans. Figure 5 illustrates this for
fragment spectra of the (M13H)31 ion of renin sub-
strate peptide (m/z 587), obtained using constant
infusion, for DR2 values in the range 21 to 12 V. The
absolute intensities increase by a factor of almost 3 on
increasing DR2 from zero to 1–2 V, and decrease as DR2
assumes negative values (retarding fields) to zero at
DR2 ,22 V. The spectra obtained using positive values
of DR2 (Figure 5c,d) are similar to one another. Ions
with low mass-to-charge ratio values are appreciably
less prominent for zero or negative axial fields (Figure
5a,b). It was thought that this trend might reflect a
greater degree of fragmentation under the influence of
the accelerating fields, but experiments conducted us-
ing entering collision energies just below the fragmen-
tation threshold revealed no dissociation onset on in-
creasing DR2 in the range investigated. It seems more
likely that this effect reflects the “fill-time” of the
collision cell when the axial field is low (or reversed as
it is in Figure 5a). At the end of the scan (high
mass-to-charge ratio) low mass ions are not stable in q2
(the value of the Mathieu parameter qM is too high). As
the scan restarts at low mass-to-charge ratio it takes
some time to refill the collision cell, and at high scan
rates (500 Da s21 was used here, compatible with flow
injection of sample) steady state is not reached before
Q3 reaches the appropriate mass-to-charge ratio value.
(Note that at 500 Da s21 it requires 138 ms to scan from
m/z 200 to 269, and fill times of this order are certainly
possible for negative values of DR2, see Figure 3). This
fill-time effect is entirely eliminated by use of even a
small axial field, as shown by Figure 5c,d.
It was demonstrated previously [12] that use of a q2
cell in the collisional focusing regime, but with no
provision for an axial field, permitted resolution of the
isotopomers of triply and quadruply charged fragment
ions of multiply protonated peptides. This aspect of the
performance was characterized in the present work for
DR2 5 12 V, using the peptide renin substrate intro-
duced by flow injection to stimulate a chromatographic
peak. A partial (low mass-to-charge ratio) fragment ion
spectrum of the (M13H)31 ion, obtained using a real-
istic scan speed and a step size of 0.1 m/z unit, is shown
in Figure 6 to demonstrate the performance achievable
in this way for a triply charged fragment of low
intensity. Figure 7 shows the same triply charged frag-
ment observed under the same conditions but using
continuous infusion and a limited mass-to-charge ratio
scan range with a step size of only 0.01 m/z units. This
represents the ultimate performance of the present
instrument in this respect, and is no worse than that
obtained using the original high-pressure cell with
cylindrical rods [12, 14]. As long as the pressure within
q2 is within the collisional focusing range there is little
effect (Figure 7) on the attainable resolution or signal
intensity.
The performance of the new cell with conical rods
was compared with that of the original cell (cylindrical
rods) for a realistic analytical problem. A kidney-bean
lectin with nine glycoforms, of molecular masses 28–
29.5 kDa, was subjected to tryptic digestion and the
digest was analyzed by capillary electrophoresis (CE)
interfaced to the triple-quadrupole instrument by a
home-built nanospray device [24]. The experiment with
the cylindrical-rod cell was performed immediately
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before the conical-rod cell was installed, and the com-
parison experiment soon thereafter, using the identical
sample that had been stored in the dark in a refrigera-
tor. The original protein concentration in the digestion
mixture was 2.4 mg/mL, and 20 nL were injected into
the CE in each case, representing about 1.6 pmol of the
original protein. The tryptic peptide used for the
present comparison was a glycopeptide of molecular
mass 2950 Da, and was derived from an estimated 20%
of the glycoform population so that the amount of the
Figure 4. Precursor ion scans for the fragment ion at m/z 136 (selected by Q3) of renin substrate, for
combinations of the values of CGT and of DR2. Flow injection was used, scanning Q1 from m/z 100
to 900 in 8 s, and each represents an accumulation of 12 scans. The entering collision energy was 25
V/charge. (a) CGT, 2.0m 3 1015 atoms cm22; DR2, 1 V. (b) CGT, 2.5 3 10
15 atoms cm22; DR2, 1 V. (c)
CGT, 2.0 3 1015 atoms cm22; DR2, 3 V. (d) CGT, 2.5 3 10
15 atoms cm22; DR2, 3 V.
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test glycopeptide injected was of the order of 0.3 pmol.
The (M13H)31 ion at m/z 984 was used as the precur-
sor ion. The CE peak widths were closely similar in the
two experiments, and scan time restrictions required a
step size of 1 m/z unit so that no resolution of iso-
topomers of fragments was possible.
The two spectra thus obtained are shown in Figure 8.
The overall intensities differ by about 25%, a negligible
difference considering the difficulties involved in repro-
ducing conditions (particularly efficiency of the nano-
sprayer). The new cell with an axial field applied
succeeded in characterizing more fragment peaks (Fig-
Figure 5. Effect of varying the axial field on the overall intensities (counts/s in top right corners) and
appearance of the fragment ion spectra of the (M13H)31 ion of renin substrate (m/z 587) introduced
by flow injection. Q3 was scanned from m/z 200 to 600 with a scan cycle time of 1 s. The CGT values
was 2.5 3 1015 atoms cm22, the entering collision energy was 25 V/charge, values (V) of DR2 were:
(a) 21; (b) zero; (c) 11; (d) 12.
784 MANSOORI ET AL. J Am Soc Mass Spectrom 1998, 9, 775–788
ure 8b), although this may not be evident from the
figures as presented here without magnifications of
low-intensity spectral regions. (Also, discrepancies be-
tween integral mass numbers, used to annotate some
peaks in the restricted space available, reflect the round-
ing-off procedure for measured masses for which the
mass excess of hydrogen leads to accurate masses close
to half-integral.) Figure 8 represents a fairly demanding
test of the new cell, and demonstrates that the efficien-
cies of fragmentation and transmission, at moderate
values of DR2, are certainly no worse than those of the
original high-pressure cell with cylindrical rods. The
signal:noise ratios evident in Figure 8 are such that the
sequence information could have been obtained even if
the amount of peptide injected had been decreased
considerably.
Figure 6. Fragment ion spectrum of the (M13H)31 ion of renin substrate introduced by flow
injection, obtained by scanning Q3 from m/z 100 to 600 in 3 s with a step size of 0.1 m/z unit. The
CGT value was 2.6 3 1015 atoms cm22, the entering collision energy 15 V/charge, and the value of DR2
was 2 V.
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Figure 7. Fragment ion spectra of the (M13H)31 ion of renin substrate (continuous infusion),
obtained by scanning Q3 from m/z 460 to 470 in 5 s with a step size of 0.01 m/z unit. The entering
collision energy was 15 V/charge, the values of DR2 were 12 V in all cases, and CGT values are
indicated in units of 1013 atoms cm22.
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Anomalous Behavior of the Cell
The results described thus far are encouraging, and
represent the basis for use of axial field gradients [15] in
retaining all the advantages of high-pressure q2 colli-
sion cells while avoiding their limitations [10–14]. How-
ever, the present work did reveal that the material used
to construct the collar holding the quadrupole rods
must be chosen carefully. That used here was a plastic
material that was susceptible to charging, leading to
Figure 8. Fragment ion spectra of the (M13H)31 ion (m/z 984) of a tryptic glycopeptide. The
entering collision energy was 25 V/charge, and the CGT value was 4.0m 3 1015 atoms cm22. Total
scan time was 4.4 s, with a step size of 1 m/z unit. (a) Original cylindrical-rod cell. (b) Conical-rod cell,
with DR2 5 2 V.
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spurious retarding fields equivalent to those produced
by negative DR2 values of 6–8 V. This problem was
entirely overcome by judicious application of conduc-
tive silver paint to the collar, and is mentioned here
only to serve as a warning to others, and to emphasize
that quite low axial field strengths can have remarkable
effects on ion transmission through a cell in the colli-
sional focusing regime.
Quantitation by Using MRM
It seems appropriate to comment briefly here on the
performance of this new q2 cell in quantitation by
LC/MS using MRM. Over several months it has been
found to provide excellent data for a range of applica-
tions, provided that the value of DR2 was sufficiently
high that no hysteresis effects were apparent (as judged
by experiments exemplified by Figure 3). However, if
this condition was not met (as in the anomalous condi-
tion described above), the quantitation was unreliable
and irreproducible. A recent example of such a success-
ful application has been to LC-MS/MS quantitation of
polycyclic aromatic hydrocarbons (PAHs) in environ-
mental samples. This method, which also provides
MS/MS verification of PAH isomer identity, was devel-
oped for application to certification of a sediment
reference material certified for polycyclic aromatics,
and will be published separately.
Conclusions
The present work has established that introduction of
low axial fields of the order of 0.1 V/cm, in a high-
pressure q2 cell operating in the collisional focusing
regime, preserves all of the advantages of such cells
[10–14] and also overcomes their main disadvantage,
that of the hysteresis effects associated with long ion
transit times. No deleterious effects were observed for
the ultimate transmission and resolution demonstrated
previously [10–14] for fragment ion scanning (Q3 scan-
ning) using collisional focusing conditions in q2. In
addition, no difficulties have been experienced in this
regard in calibration and measurement in quantitation
by LC-MS/MS with MRM, provided that sufficiently
high axial fields are used.
However, if ion transit times are not much shorter
than the time scale of MS/MS experiments involving
either scanning functions or switching between MRM
channels that involve changing Q1 settings, the result-
ing hysteresis effects become an important limitation on
the usefulness of such q2 cells. Reliable quantitation
using MRM is then not possible even when using
internal standards, because the response in any partic-
ular MRM channel can be affected also by ion intensities
for the channels following it in the MRM sequence (the
“ion chase” phenomenon that presumably reflects Cou-
lombic interactions within the cell). Similarly, fill-time
effects, on intensities of low mass-to-charge ratio frag-
ment ions, were observed in fast fragment-ion scanning
under conditions of long transit times. All these effects
were observed in an extreme form when the particular
cell used in the present work was in an anomalous
condition, characterized by spurious retarding fields
arising from polarization of the insulator material used
for the “collar” for the q2 rods. The fact that such low
electric field gradients can have such a profound effect
on the ion transit times suggests that, in high-pressure
cells operated in the collisional focusing regime, the
ions can be effectively stopped by the collisions.
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